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Several techniques have been developed over time for the measurement of heat and the
temperatures generated in various manufacturing processes and tribological applications.
Each technique has its own advantages and disadvantages. The appropriate technique for
temperature measurement depends on the application under consideration as well as the
available tools for measurement. This paper presents a procedure for a simple and ac-
curate determination of the time-varying heat flux at the workpiece–tool interface of
three different metals under known cutting conditions. A portable infrared thermometer
is used for surface temperature measurements. A spline smoothing interpolation of the
surface temperature history enables to determine the local heat flux produced during
stock removal. The measured temperature is represented by a third-order spline ap-
proximation. Nonetheless, the accuracy of polynomial interpolation depends on how close
are the interpolated points; an increase in degree cannot be used to increase the accuracy.
Although the data analysis is relatively complicated, the computing time is very small.
& 2015 The Author. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
It is possible to estimate the heat generated in various manufacturing processes and tribological situations either by
calorimetric methods or by measuring the forces generated. However, the measurement of temperature generally is not
such a simple and straightforward matter. The heat partition between two bodies which are in contact and moving with
respect to the other is also a difficult problem. Especially, because the properties of materials used in machining vary with
temperature, the mechanical process and the thermal dynamic process are tightly coupled together.
Due to these experimental difficulties many analytical and numerical methods solution have been employed to predict
thermal fields in machining. Hou and Komanduri [10] presented a modelling of thermomechanical shear instability in the
machining of some difficult-to-machine materials leading to shear localization. Shear instability was observed experi-
mentally in high-speed machining of hardened alloy steels (AISI 4340 steel), titanium alloys (Ti–6A1–4V), and nickel-base
superalloys (Inconel 718) yielding cyclic chips. Based on an analysis of cyclic chip formation in machining, possible sources
of heat (including preheating effects) contributing toward the temperature rise in the shear band are identified.
Grzesik [9] utilized a standard K-type thermocouple embedded in the workpiece to convert measured efms to the in-
terfacial temperature. For high speed machining of medium carbon steel and an austenitic stainless steel, some optimalr Ltd. This is an open access article under the CC BY-NC-ND license
.
Nomenclature
Ai polynomial coefficient of i index
c specific heat capacity, J/(kg K)
f(ti) measured surface temperature history
m polynomial order
N number of measured temperatures
q ṫ ( ) transient heat flux, W/m2
t time, s
ti i index time, s
T temperature, °C
Ta ambient temperature, °C
Vc cutting speed, m/min
y(t) polynomial function
ρ density, kg/m3
λ thermal conductivity, W/(m K)
H. Mzad / Case Studies in Thermal Engineering 6 (2015) 128–135 129coating structures were selected corresponding to the minimum interface temperature. Moreover, it was reported that by an
appropriate selection of tool coating and workpiece materials, the effect of a thermal barrier in the top layer of the coating
can occur.
To assess the feasibility of the laser assisted machining (LAM) process and to obtain an improved understanding of
governing physical phenomena, experiments [17] have been performed to determine the thermal response of a rotating
silicon nitride workpiece undergoing heating by a translating CO2 laser and material removal by a cutting tool.
Many researchers have worked on temperature measurement and prediction. A review of some experimental mea-
surement can be found in Komanduri and Hou [12,13]. Another study on thermal modelling of the metal cutting process
(Komanduri and Hou [12,13] deals with the temperature rise distribution in metal cutting due to the combined effect of
shear plane heat source in the primary shear zone and frictional heat source at the tool–chip interface. The model was
applied to two cases of metal cutting, namely, conventional machining of steel with a carbide tool at high Peclet numbers
(E5–20) and ultra precision machining of aluminium using a single-crystal diamond at low Peclet numbers (E0.5).
Davies et al. [7] presented infrared microscopic measurements of the temperature fields at the tool–chip interface in
steady-state, orthogonal, machining of AISI 1045 steel for a range of chip thicknesses. The measurements are verified using
an energy balance method and simple finite difference calculations.
Beginning from the Jaeger solutions for the temperature growth due to some variable heat sources, Tache et al. [18]
determined the variation of the thermal field on the rake and flank faces of the cutting tool, as well as the cumulated effect
of the heat sources from the two faces, on the tool temperature. The quantitative and qualitative analysis for temperature
variation on the tool surface demonstrate the existence of a maximum, close to the centre of the heat source.
Huang and Liang [11] analytically quantifies the tool wear effect by taking into account the contributions of the primary
heat source and considering the distribution of chip temperature rise. The proposed model is verified based on the pub-
lished experimental data in the orthogonal cutting of Armco iron. Furthermore, a comparison case is presented on the
temperature variation with respect to cutting speed, feed rate and flank wear length.
Numerous attempts have been made to measure the temperature in the machining operations. Accurate and repeatable
heat and temperature prediction remains challenging due to the complexity of the contact phenomena in the cutting
process as explained in [1]. One of the most extensively used experimental techniques to measure the temperature in
machining is the use of thermocouples. Abukhshim et al. [2] presents the measurement of temperature by a thermal
imaging camera when high speed cutting of high strength alloy.
Yvonnet et al. [20] have determined the heat flux flowing into the tool through the rake face and the heat transfer
coefficient between the tool and the environment during a typical orthogonal cutting process. The followed approach is
based on an inverse method.
Carvalho et al. [5] proposes the estimation of the temperature and the heat flux at the chip–tool interface using the
inverse heat conduction problem technique. The thermal model is obtained by a numerical solution of the transient three-
dimensional heat diffusion equation that considers both the tool and the tool holder assembly.
To better understand the mechanisms and thermal effects damaging the cutting tools, Mzad and Saad [14] highlighted
the relations between machining stresses, temperature and tool–chip friction law in order to predict the chip shape, the
cutting forces and the temperatures.
Ceretti et al. [6] have determined the global heat coefficient as function of the local pressure and temperature at the tool–
workpiece interface. The global heat coefficient is determined by an iterative procedure, until the error between the the-
oretical and the experimental temperature is negligible.
Dinc et al. [8] have performed a validation of finite difference temperature model considering the temperature measured
by a high precision infrared camera. The results of thermal measurements are compared with the outputs of the finite
difference temperature model, considering the maximum and the mean temperatures in the tool–chip interface zone and
the temperature distributions on the tool take face. The experimental results show good agreement with the simulations.
Brandao et al. [3] presents an experimental and theoretical study on heat flow when end milling hardened steels at high-
speed. The temperatures on the workpiece have been measured. The heat transferred to the workpiece and the average
convection coefficient for the cooling system have been evaluated in order to minimize the error between theoretical and
experimental results.
Mzad [15] used a polynomial approximation of measured surface temperature to determine the heat flux rate during
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Fig. 1. Descriptive views of the infrared thermometer.
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machining operations is almost governed by two key parameters, cutting speed and thermal diffusivity.
A new methodology to the temperature prediction of milling is proposed by Pittala and Monno [16]. The temperature of
the workpiece, during the milling operation, has been measured using infrared camera. After data analysis, a FEM model of
cutting process during milling has been developed. The results of the model have been compared with the experimental
data obtaining a good agreement.
Most heat transfer measurements consist of monitoring the temperature of a body at selected points and then relating
that temperature history to the one of heat transfer rate. The main purpose of this paper is to evaluate the heat flux in
workpiece–tool interface under moderate cutting speeds (45–225 m/min). To carry out the experiments, an observation of
the time–temperature curve using infrared laser is conducted, during turning and milling operations, for three different
metals: steel S235, bronze alloy 95Cu5Al and aluminium alloy 96Al4Cu.2. Experimental procedure and thermal diagnostics
Obviously cutting temperature is an important parameter in the analysis of metal cutting process. Since the direct
temperature measurements at the tool–workpiece interface are very complex, we aimed to calculate heat dissipation
through infrared measures of surface temperature.
The infrared (IR) thermometer with smart sight laser system used in the experiments is shown in Fig. 1, where every part
of the apparatus is illustrated individually. This temperature sensor is very useful in materials manufacturing process; it
makes it possible to check instantaneously the surface temperature, especially when a metal is highly heated or of a par-
ticular geometry. To assure accurate and convenient temperature measurement, a bright dual laser sighting system merges
into a single laser point (0.5 in./13 mm at 8 in./200 mm) when the unit is at the optimal distance from the object being
measured. The apparatus is positioned at a close distance from the workpiece, and it has a temperature range of –35 toTable 1
Cutting conditions and thermophysical properties of the machined workpieces.
Mild steel
(S235) at
20 °C
Bronze
(95Cu5Al) at
20 °C
Aluminium
(96Al4Cu) at
20 °C
Length, L (mm) 165 95 175
Diameter, D (mm) 34 42 –
Thickness, e (mm) – – 60
Feed rate, fz (mm/s) 0.6 0.6 0.6
Depth of cut, ap (mm) 2 2 2
Thermal conductivity,
λ (W/(m K))
54 83 169
Specific heat capacity,
c (J/(kg K))
465 410 881
Density, ρ (kg/m3) 7830 8666 2790
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The temperature measurement at the workpiece–tool interface of three different materials was investigated in an am-
bient temperature of 13 °C. The cutting conditions and the thermophysical characteristics are summarized in the Table 1.
Workpieces of steel and bronze are used for turning tests, and for milling a workpiece of aluminium is tested. Furthermore,
thermal material properties such as specific heat capacity and thermal conductivity are assumed to be constant. The ma-
chining experiments were performed dry. The cutting speeds (Vc) were 45–225 m/min during turning and 50–200 for
aluminium milling with constant feed rates (fz) of 0.6 mm/s and 0.2 mm/tooth. The cutter body diameter (Dc) was 32 mm.
In the experiments, the most interesting area to be captured was the tool–workpiece contact. Therefore, IR laser is
focused on this region; starting from the tool tip. The area that is captured in the thermal experiments is a 2 mm1.5 mm
rectangular region. A total number of 36 different experiments are performed for only 12 validated for orthogonal cutting of
three different workpiece materials: S235, 95Cu5Al and 96Al4Cu.
The graphs obtained of the temperature variation in time (measures) are exported into the software TableCurve 2D for
polynomial interpolation. As shown by the plotted figures (Figs. 2–4), the instantaneous measured temperature data be-
comes a cubic spline approximations in the form
T t A A t A t A t 11 2 3 2 4 3( ) = + + + ( )3. Surface heat flux determination
From instantaneous surface temperature records, instantaneous heat flux rates are deduced using the heat conduction
solution for the semi-infinite solid. The surface heat flux is obtained by using the one-dimensional, semi-infinite medium
solution for a step change in surface temperature [4] and applying Duhamel’s superposition integral to give
q t
c df
d t
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where f(t) is the measured surface temperature history and Θ a dummy time variable.
The surface temperature becomes a time-dependent function denoted f(ti), i¼1, 2, …, N. Hence, the experimental
temperature is represented by a third-order polynomial in the formFig. 2. Temperature variation during (S235) steel turning: (a) Vc¼45 m/min, (b) Vc¼80 m/min, (c) Vc¼120 m/min and (d) Vc¼175 m/min.
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The workpiece heat transfer analysis is based on the theory of one-dimensional heat conduction problem. A method for a
simple and accurate determination of the time-varying heat flux, based on the above equation of the temperature function
(Eq. (3)), was developed [19]. Substituting of the polynomial approximation (3) into Eq. (2) and its integrating yields, the
surface heat flux q ṫ ( ) in a semi-infinite body can be expressed as
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The polynomial coefficients of the temperature variation curve are automatically deduced from TableCurve graphs
(Figs. 2–4). Thereafter, the coefficients are substituted into Eq. (4), and the resultant algebraic equation is solved to find the
heat flux. As an example, in the case of a polynomial order m¼7, it results the expression below
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Considering our polynomial approximations, i.e. m¼3 (A4¼A5¼A6¼A7¼0), the analytical model of heat flux (Eq. (5)) is
merely written
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Knowing the only materials thermophysical properties (Table 1) and using the thermal diagnostic results of temperature
history represented by Figs. 2–4; the workpiece surface heat flux can be easily computed through Eq. (6). The instantaneous
heat flux graphs of each machined metal are illustrated in Figs. 5 and 6.Fig. 3. Temperature variation during bronse (95Cu5Al) turning: (a) Vc¼55 m/min, (b) Vc¼100 m/min, (c) Vc¼150 m/min and (d) Vc¼225 m/min.
Fig. 4. Temperature variation during aluminium (96Al4Cu) milling: (a) Vc¼50 m/min, (b) Vc¼100 m/min, (c) Vc¼150 m/min and (d) Vc¼200 m/min.
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Fig. 5. Instantaneous surface heat fluxes for workpieces made of mild steel and bronze alloy.
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As shown in Fig. 5 the profiles of heat flux variation are similar for mild steel and bronze during turning operations.
Obviously, the heat flux values for bronze are more important than those recorded for steel; this is mainly due to the
thermal conductivity of material in consideration. Moreover, one of the obtained curves is distinguished from the others by
0 20 40 60 80 100
Time [s]
0
5000
10000
15000
20000
25000
H
ea
t f
lu
x 
[k
W
/m
]
96Al4Cu milling
Vc = 50 m/min
Vc = 100 m/min
Vc = 150 m/min
Vc = 200 m/min
Fig. 6. Instantaneous surface heat flux of aluminium alloy workpiece.
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portant heat fluxes who reach, after 100 s, the value of 2.1 105 W/m2 for the mild steel and almost 12 105 W/m2 for bronze
alloy.
On the other hand the influence of the cutting speed of aluminium alloy (Fig. 6) appears clearly by the high values
obtained, but in the same time it is not so visible in the curves. Indeed, at the four adopted velocities (50–200 m/min) the
instantaneous heat flux evolutions have the same profile and the curves are very close to each other. However the values of
generated heat flux are significant compared to those recorded previously for steel and bronze. In fact, after 100 s of milling,
one reaches a flux value of around 17 106 W/m2 for a cutting speed of 50 m/min and a value exceeding 20 106 W/m2 for a
cutting speed four times higher, which corresponds to a heat increasing of 20%. The rapid increase in the obtained heat
fluxes is, in particular, due to aluminium thermal conductivity value which is twice higher than bronze value and three
times higher than steel value.
Generally, during machined materials made of steel (S235) and bronze (95Cu5Al), the graphs (Fig. 5) reveal more or less
steady heat flux variations until 120 m/min for mild steel and 150 m/min for bronze alloy, beyond this values the flux is
increasing. Heat transfer by convection and radiation in the ambience at 13 °C is the principal cause. The evident explanation
is that the generated energy during stock removal process is instantaneously dissipated in the environment that is why heat
flux cannot increase more. Nevertheless, for higher cutting speeds (175 and 225 m/min) the thermal balance is ruptured;
because of intensive heat transfer conduction process is becoming higher than heat losses. The flux evolution is increasing in
time. Regarding aluminium (96Al4Cu), milling heat production (Fig. 6) is all the time increasing for any cutting speed. A
possible cooling is necessary in such case, because a continuous dry machining becomes unsuitable with respect to alu-
minium thermophysical properties.5. Sum up and conclusions
As already described, machining tests were carried out to determine the heat flux generated under various cutting
conditions when cutting a steel, bronze and aluminium bars. Starting from measured temperatures with infrared laser
beam, the assumption that the surface temperature variation T(t) is approximated by cubic splines with known coefficients
of 10–6 accuracy is made using the TableCurve software.
One simple mathematical procedure of transient methods for measuring surface heat transfer rates is applied to calculate
the heat flux q ṫ ( ) presented in Eq. (4).
From the above discussions the following conclusions can be drawn:
- The three types of heat transfer, conduction, convection and radiation, all exist in the machining operations. Radiation is
rarely investigated in traditional machining operations. But radiation techniques are widely applied in measuring the
temperature distribution in various machining operations such as laser assisted machining (LAM).
- Most often the workpiece–tool and chip interface temperature increases with increasing cutting velocity. Therefore, the
proposed technique can be extended in high-speed machining (HSM) to assess the thermal energy generation.
- The method is stable for any time step, but in the same time the solution requires that finite order derivatives of the
measured temperature y(t) and calculated heat flux must exist. Unwanted oscillations (oscillatory instability) can be pro-
duced in the calculated surface temperature or heat flux if the time derivatives are not calculated with sufficient accuracy.
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